Abstract The re-analysis of the archived data recorded at the Z 0 resonance by the ALEPH experiment at LEP during the years 1992-1995 shows an excess in the opposite sign di-muon mass spectra at 30.40 ± 0.46 GeV in events containing b quarks. The excess has a natural width of 1.78 ± 1.14 GeV. The di-muon excess has a significance of at least 2.6 σ (Z Bi ) using the calculations presented. The significances for background models based on a kernel density approximation stay close to 3 σ (Z freq, lee ) when including a look elsewhere effect. A compatible but smaller excess is visible in the opposite di-electron mass spectrum as well.
Introduction
Models of new phenomena in high energy physics, which predict event signatures unique and easy to distinguish from Standard Model event topologies, were always of great interest by experimental particle physicists. In particular, models which predict event signatures containing muons in the final state are popular, because muons are easy to detect in high energy collisions. To make those signatures stick out further, additional features of special event classes of the proposed models are highlighted. Often those event classes contain extra particles with a non-negligible lifetime making them look different from e.g. Standard Model QCD events.
In 2006, after the shutdown of the Large ElectronPositron Collider (LEP), "hidden valley" models were proposed [1] [2] [3] . Examples of such models predict new particles, which have (electrically-neutral) bound states, low masses and long lifetimes. Eventually, such events can be found in a Corresponding author. the archived data of past experiments at LEP and the Tevatron. Certainly, the running LHC experiments are looking for such and other signatures of new physics phenomena.
The ALEPH experiment was one of the four main experiments at LEP. A re-analysis of the archived ALEPH data recorded during the years 1992-1995 at the Z 0 resonance is presented here [4] . The outcome is an excess in the invariant mass spectra of the opposite sign di-muon pairs at 30.40 GeV in events where at least one b-quark jet is additionally present. The natural width of the excess is 1.78 GeV. The background is modeled using events where a muon and an electron with opposite signs are present. These events had to pass the same selection criteria as used for the signal. A compatible but smaller excess is visible in the opposite di-electron mass spectrum as well. The present analysis suggests the following event topology: Z 0 → b b µ + µ − or Z 0 → b b e + e − . This paper is organized as follows: In Sec. 2 an overview of the ALEPH experiment, as well as details of the archived data used in the present analysis are given. Details of the analysis are presented in Sec. 3. Crosschecks and further studies of the excess are described in Sec. 4. A summary is given in Sec. 5.
Experimental procedure

The ALEPH detector
The ALEPH detector (Apparatus for LEp PHysics) was one of the four multi-purpose detectors at LEP and was located at the experimental area of Point 4 near Echenevex (France) [5] . The detector had a cylindrical shape with approximately 12 m diameter by 12 m length and consisted of independent and modular sub-detectors arranged in layers around the
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beam-pipe (radius 5.3 cm), each specializing in a different task [6] .
Charged particles were tracked with three devices inside a super-conducting solenoid having an axial field of 1.5 T. The innermost tracking detector was the mini vertex detector (VDET), which was installed in 1991. It consisted of 2 layers of silicon wafers with strip readout in 2 dimensions (radii: ≈ 6.3 cm and 10.8 cm). It was followed by the inner tracking chamber (ITC), a cylindrical multi-wire drift chamber able to provide up to eight precise r-φ points per track. Finally, the time projection chamber TPC, a cylindrical imaging drift chamber, provided up to 21 three dimensional coordinates of the particle trajectories. In hadronic Z 0 decays, tracks crossing at least four pad rows in the TPC are reconstructed with an efficiency of 98.6%. For tracks with two VDET coordinates a transverse momentum resolution ∆ p t /p t = 6 · 10 −4 p t ⊕ 0.005 (p t in GeV) could be achieved.
The energy of neutral and charged particles was measured by an electromagnetic calorimeter (ECAL) inside and a hadron calorimeter (HCAL) outside the magnetic coil. Both were sampling calorimeters with different longitudinal segmentation. The ECAL read out towers pointed to the nominal interaction point and had an average granularity of 0.9 • × 0.9 • . The resulting energy resolution was σ (E)/E = 0.0009+ 0.18/ √ E (E in GeV). The typical granularity of the projective HCAL towers was 3.7 • × 3.7 • corresponding to 4 × 4 ECAL towers. The obtained energy resolution was σ (E)/E = 0.85/ √ E (E in GeV). Muons were identified using the tracking capabilities of the HCAL together with the muon chambers (MUON) outside the HCAL. The average muon identification efficiency was 86%. For muons traversing both double layers of streamer tubes an accuracy in the track direction measurement of ≈ 10-15 mrad could be achieved. The momentum components p T , p Z of the muons were measured by means of the tracking system.
The ALEPH trigger was designed to detect events stemming from e + e − collisions with very high efficiency. For each physics channel the trigger logic and redundancy allowed trigger efficiencies near 100% to be obtained. The trigger decision was based on:
1. Total-energy trigger: energy deposits in the electromagnetic calorimeter 2. Electron-track trigger: track segments in the drift chambers with corresponding energy deposits in the electromagnetic calorimeter 3. Muon-track trigger: track segments in the drift chambers with corresponding energy deposits in the hadronic calorimeter 4. Back-to-back trigger: two back-to-back track segments in the drift chambers
The use of the Total-energy and Muon-track trigger to collect hadronic Z 0 events had an efficiency of (99.99±0.01)%.
The luminosity was measured using Bhabba events. They were triggered with a rate of 2-3 Hz. The overall trigger rate was 4-5 Hz with Z 0 events (at the peak) and 2-photon events contributing about 0.5 Hz each. The remaining contribution stemmed from cosmic rays, noise and beam related background. Because of the low trigger rate no reduction of the event rate was needed to satisfy the bandwidth limitations of the ALEPH readout.
Data sample and hadronic event selection
From 1989 to 1995 CERN's electron-positron collider (LEP) was operated at the centre-of-mass energy of the Z 0 resonance, corresponding to about 91.2 GeV (LEP1 phase). LEP delivered about 16M Z 0 bosons to the four experiments ALEPH, DELPHI, L3 and OPAL during these years [8] . The present analysis uses the archived ALEPH experiment data recorded during 1992-1995 (≈ 3.7 M events) as well as about 8 Million simulated events from the archived ALEPH Monte Carlo (MC) data, where the hadronic decays Z 0 →were fully simulated.
Hadronic Z 0 decay modes are identified by means of the standard ALEPH hadronic selection criteria, based on the observation of at least five good charged particle tracks [9] [10] [11] . After this selection about 1.9 M hadronic events of the archived ALEPH data remain for further analysis 1 .
3 Di-Muon mass analysis
Overview
This analysis searches for at least two opposite sign (OS) leptons (muons or electrons) in hadronic Z 0 decays (see Sec. 2.2) positively identified as Z 0 → bb + X final state as described below. A di-lepton pair is classified as signal in case it consists of two same flavor opposite sign leptons, i.e. an opposite sign di-muon or opposite sign di-electron, or as background in case of different flavor opposite signs, i.e. an electron/muon pair with opposite signs.
This analysis is based on the standard ALEPH analysis software ALPHA [13] . It utilizes charged tracks reconstructed by means of ALPHA. The same track selection is employed as used for tagging the presence of long-lived particles by means of the routine QIPBTAG optimized for pri- 1 The standard run quality requirements of the ALEPH Heavy Flavor group are used. One expects about 2.2M hadronic events passing this selection according to e.g. Ref. [12] . This discrepancy has to be double checked with ALEPH experts. However, this does not affect the present result. Table 1 : Important parameters of the used ALEPH lepton identification for electrons (left) and muons (right) as described in Ref. [7] . The observable d 0, track is the distance of closest approach of the track to the beam axis. Z 0, track is the z coordinate of the track point where d 0, track was measured.
mary vertex reconstruction and b-jet identification 2 . In order to search inclusively in hadronic Z 0 decays, the requirement that charged tracks are close to the thrust axis of the event is removed. This allows di-lepton configurations which have a large opening angle and hence possibly large invariant mass. Electron and muon tracks are identified by means of the ALEPH Lepton ID for the reprocessed data [7] . Important selection criteria for electrons and muons are summarized in Tab. 1. If not mentioned otherwise, always the ALEPH standard reconstruction is used, e.g. for the primary vertex determination, etc.
Three criteria are used for the final selection (see Sec. 3.2 and 3.3): a) A lifetime mass tag to identify Z 0 → bb + X decays, b) events should not have much missing momentum and c) a requirement that the two leptons should be close to the reconstructed primary vertex . The latter two require- 2 For identifying b-quark signatures a vertex detector is important. Because the ALEPH vertex detector VDET was installed in 1991 the LEP1 data starting from 1992 are used for the present study (see also Sec. 2.1) ments are used to suppress semi-leptonic decays, especially from bb final states.
Identification of
The ALEPH lifetime mass tag is used to identify the bb final state [12] . Hadronic events are divided into two hemispheres by means of a plane perpendicular to the thrust axis of the event. Events are classified as Z 0 → bb + X events by means of the observable P H, mass , which is defined for each of the two hemispheres per event:
P H, mass = 0.7 log 10 µ H + 0.3 log 10 P H The observable µ H in the formula above is constructed by adding up the tracks inside a hemisphere in order of decreasing inconsistency with the primary vertex until their invariant mass exceeds 1.8 GeV (the mass of a c-hadron). The probability P track of the last track added before exceeding the mass limit is defined as µ H := P track . The observable P H (hemisphere lifetime probability) is calculated from tracks associated to one hemisphere. Details about the definition of P track and P H can be found in [12, 14, 15] . Fig. 1a shows the distribution of the observable P H, mass obtained from ALEPH data and its reasonably good description by the ALEPH MC data.
For the present analysis, events with bb in the final state are selected, if for one of the two hemispheres P H, mass,max > 2. The b-efficiency for this b-tag working point is about 38% (Fig. 1b) . Using as b-tag P H, mass > 2 for one arbitrarily selected hemisphere results in a b-efficiency of about 22%, which is consistent with Ref. [12] . The c-and light-quark contamination in the selected events for both working points is only a few percent, i.e. about 2-3 % of the events are selected wrongly as b's.
Suppression of semi-leptonic decays
In case of semi-leptonic decays of b-and c-quarks a neutrino is produced, which cannot be directly detected. To suppress this kind of decays in the final event selection the missing 3-momentum P miss is required to be low: P miss < 18 GeV.
In addition, reconstructed lepton tracks from such semileptonic decays will stem from an additional secondary vertex where the quark decayed. Therefore, in order to suppress them, the probability of the two lepton tracks to stem from the same primary vertex is required to be high. The significance of the signed 3D impact parameter for the two reconstructed lepton tracks is used to calculate their lifetime probability, i.e. the confidence level P µ + µ − .The calculation is done in the same way as for a hemisphere or jet lifetime probability [14, 15] . It is required that P µ + µ − < 2.5. Fig. 2a and 2b show the distribution of the observables used to discriminate against b semi-leptonic decays, as well as their good description by the simulation in the region of interest. Both working points ensure the desired suppression of semi-leptonic b-decays.
If not mentioned otherwise, all selection criteria described here are applied to events entering the distribution shown in the following.
Choice of the background model: semi-leptonic decays
The background (model) is obtained from ALEPH data only using hadronic bb final states, where in addition an electron and muon track with opposite signs are found. All opposite sign electron-muon pairs in the event are used for the shown distributions. It turns out that such hadronic Z 0 events with additional opposite sign electron-muon pairs originate mostly from semi-leptonic b-quark decays (see also Sec. 4). One of the two b-quarks from the Z 0 decays into electron + quark + neutrino final state and the other b-quark into muon + quark + neutrino.
Background model: Normalization
The probability of two semi-leptonic b-quark decays, one into a final state with an electron and the other into a muon is twice as high as compared to the case when both semileptonic decays have a muon in the final state. Additionally one has to take into account the slightly less efficient ALEPH reconstruction of electrons in comparison to muons, which is about 6% less using the standard ALEPH lepton identification [7] . The lepton identification efficiency is independent from the reconstructed di-lepton mass in the range from 5 to 50 GeV, both for muons and electrons. In the following this normalization is used when comparing same lepton flavor di-lepton mass distributions (signal) with the Comparison of the reconstructed di-muon mass spectrum to the background model computed from the electron-muon mass spectrum using ALEPH data. The background distributions are normalized to the opposite sign di-muon mass spectrum as described in Sec. 3.4.1. mass spectrum obtained from the opposite sign electronmuon pairs (combinatorial background).
Background model: Construction
The opposite sign electron-muon mass distribution obtained from ALEPH data is used as the background model in this analysis. The checks below serve to demonstrate that the above choice of background is valid. Fig. 3 shows the electron-muon invariant mass distribution obtained from ALEPH data compared to the same distribution using ALEPH MC data. The distributions agree well within their errors. A deviation is visible around 24 GeV, where the description by the simulated data is poor. 3 A small downwards fluctuation around 28 GeV is visible as well.
The opposite sign di-muon mass spectrum compared to the opposite sign electron-muon mass spectrum using ALEPH MC data only is shown in Fig. 4 . Also here the distributions agree well within their errors. The deviation around 24 GeV is less visible. Around 10 GeV the di-muon distribution shows some discrepancy from the electron-muon one. Here the well known Y resonances [16] present in the ALEPH simulation for opposite sign di-muons are causing this effect.
Fig . 5 shows the comparison of the di-muon spectrum with the electron-muon mass spectrum, both obtained from ALEPH data only. The normalization of the electron-muon events is computed as described in Sec. 3.4.1. With the exception of one small deviation around 26 GeV and above 36 GeV for 2 bins, the distributions agree pretty well from 15 to 50 GeV. There is a one bin deviation around 26 GeV (to be expected with the available statistics) and a larger excess around 30 GeV.
To smoothen the statistical fluctuations visible in the electron-muon mass spectrum shown in Fig. 5 and thus reduce this influence on the final result a background model is constructed. The model is obtained by means of a onedimensional kernel estimation probability density function (p.d.f.), which models the electron-muon mass spectrum as a superposition of Gaussian kernels, one for each data point, each contributing 1/N to the total integral of the p.d.f. [17] . For the computation of the model the electron-muon mass data points are used unbinned. The comparison of this background model with the di-muon mass spectrum is shown in Fig. 6 . As expected the background model does not show anymore the fluctuations seen in the bare electron-muon mass spectrum shown in Fig. 5 . The agreement of the di-muon mass spectrum with the background model is still reason-able as shown in Fig. 6 . The excess around 30 GeV is clearly visible as before.
Background model: Summary
In the region 15 to 50 GeV, where no effects from J/ψ and/or Y resonances are expected, the background model template obtained from ALEPH data only using the p.d.f. from the one-dimensional kernel density approximation provides within errors a reasonably good description of (a) the opposite sign electron-muon mass spectrum and (b) the opposite sign di-muon mass spectrum (excepting the region around 30 GeV). With this p.d.f. we are able to overcome uncertainties due to the statistical fluctuations visible in the electronmuon mass spectrum because of the limited statistics of the ALEPH data.
Results
The ROOT framework including the RooFit and RooStats packages [18] [19] [20] was utilized to construct and fit a signal + background model to the di-muon mass spectrum. The background model and its features were presented in Sec. 3.4. The signal model is constructed by a convolution of a Gaussian distribution with a Breit-Wigner distribution. The width of the Gaussian distribution is designed to model the ALEPH detector resolution, whereas the width of the Breit-Wigner distribution models the natural width of the resonance. Since both widths are highly correlated a penalty function is added, which constrains and models the ALEPH detector resolution for different di-muon masses (see ALEPH track transverse momentum resolution described in Sec. 2.1):
An extended maximum likelihood (MLE) fit of the signal + background model to the opposite di-muon mass values in the range 15 to 50 GeV is used. The mass values are used unbinned in the fit. Fig. 7 shows the opposite sign di-muon mass spectrum together with the fitted signal + background model. The fit is performed in the range from 15 to 50 GeV. To compare the compatibility of the unbinned data with the fitted model the Kolmogorov-Smirnov (KS) test [21, 22] is applied to mass values in the range 20 to 40 GeV around the visible excess. The obtained probability of equality for the KS test is 78%, which is reasonably good.
To further scrutinize the applicability of the signal + background model to the opposite sign di-muon mass spectrum a χ 2 -fit to a binned version of the mass values is carried out, which provides a goodness-of-fit by means of the computed χ 2 during the computation and the number of degrees The result of the χ 2 -fit of the signal + background model to the binned version of the opposite sign di-muon spectrum (left) and the corresponding distribution of pulls (right). χ 2 /ndof = 0.56. To avoid bins with zero entries the fit range for this test is restricted to [15, 36] of freedom (ndof) of the fit. Fig. 7a shows the result of the χ 2 -fit and Fig. 7b shows the corresponding pull distribution.
To avoid bins with zero entries the fit range for this test is restricted to [15, 36] GeV. Both distributions look reasonable. The χ 2 /ndof = 0.56, which is also reasonably good.
The resulting parameters of the unbinned MLE fit are summarized in Table 8a . The excess at 30.40 GeV has a natural width of 1.78 GeV and its resolution of 0.74 GeV is compatible with the expected ALEPH detector performance in this mass range (see also Sec. 2.1).
To rate the significance of the excess visible in Fig. 7 two benchmarks are presented. Z Bi [27] is a robust observable in case no theoretical signal model can be used and hence the mean and width cannot be set constant in the fit. The numbers n on and n off to compute Z Bi are obtained around the fitted mass using a 2 σ wide area (τ = 1). For details see [27] . A likelihood-based one-sided significance Z asym using an asymptotic formula is computed utilizing the RooStats package [20, 28] . The corresponding local p-value is given as well. For the second benchmark a single parameter of interest, i.e. the number of signal events, is assumed to be free in Fig. 11 : The result of the extended maximum likelihood fit of the signal + background model to the unbinned opposite sign di-muon mass spectrum for an alternative KDE approach [23] [24] [25] [26] . The obtained significance for the cases, where this background model is artificially shifted in steps up to ± 4 σ , are given as well. (a) the fit. The number of background events is treated as a nuisance parameter. The calculation is based on a result from Wilks [29] and Wald [30] . Also Z asym does not include any look elsewhere effect [31] [32] [33] . Table 8b summarizes the values discussed.
The expected and observed local p-values as a function of the opposite sign di-muon mass m µ + µ − utilizing the AsymptoticCalculator class of RooStats [20] are shown in Fig. 10a. Fig. 10b shows a plot of the log profile likelihood curve −logλ as function of the parameter of interest, i.e. the number of signal events. The 1 σ interval (68% Confidence Level) is obtained from the intersect of the − log λ curve with the horizontal dashed line − log λ = 0.5.
To estimate the influence of systematic effects due to the shape of the used background model, a second option of a kernel density estimation class in ROOT is used, namely the TKDE class [23] [24] [25] [26] . This class is used to construct an additional background model. The significance of the excess in the opposite sign di-muon mass turns out to be lower for this model, i.e. Z asym,TKDE = 4.86. The KS-test probability is 76%. The goodness-of-fit of the binned χ 2 -fit is χ 2 /ndof = 0.61. Fig. 11a shows the used TKDE background model plus the cases where this model was shifted by several σ 's. Tab. 11b summarizes the obtained significance for the various background shifts, e.g. an artificial shift upwards of the background model by +1σ gives Z asym,TKDE,+1σ = 4.22. In the other direction −1σ , we obtain a significance of Z asym,TKDE,−1σ = 5.79. It follows that systematic effects are indeed present. Nevertheless, the significance of the observed excess remains always quite high.
To further study the contribution to the systematic error of our result introduced by the choice of the background model, we evaluated and benchmarked the excess using additional polynomial parametrizations to model the background shape. The result, using the data of the opposite sign di-muon mass spectrum only, is given in Fig. 12a and Tab. 12b. As usual the signal is modeled with a Breit-Wigner distribution convoluted with a Gaussian. The goodness-offit evaluation (Tab. 12b) shows that the signal + background models are able to describe the mass spectrum more or less reasonably good. Except for one model the significance of the excess remains above 3 σ .
Due to the less good description of the background shape for some polynomial parametrizations and also because of the available statistics, the signal + background fits of the opposite sign di-muon mass spectrum result in less significant results when compared to background models using a onedimensional kernel estimation probability density function. By means of a simultaneous fit to the opposite sign di-muon mass spectrum, i.e. the signal distribution, and the opposite sign electron-muon mass spectrum, i.e. the background, we can recover and improve the situation. The improved result using the combined information of the signal and background mass spectra, is shown in Fig. 13 . At least for the second parametrization, i.e. the double exponential one, the goodness-of-fit evaluation gives a reasonably good result. The other models now show a larger discrepancy from the data, because of the improvement in the available statistics (di-muon plus electron-muon spectra).
The ATLAS collaboration used a novel method to scrutinize choices of specific background models (e.g. for their Higgs discovery in the di-photon final state) based on simu- lated data only [34] [35] [36] . The evaluation using their method of the bias on the fitted signal yield introduced by a given background functional form ("spurious signal") is shown in Fig. 14 . The signal + background models described earlier are used to scan the simulated ALEPH archived data for an excess in the mass region from 15 to 50 GeV in 1 GeV steps. To improve the available statistics for this test, the opposite sign di-muon, di-electron and electron-muon mass spectra were combined, since their shape is very similar as described in section 3.4. The contributions to the amount of measured signal events for a specific choice of a background model are normalized to the signal event yield obtained in ALEPH archived data. For the double exponential parametrization of the background the errors obtained by a MINOS error analysis of the fitted signal yield are given [37] . The other models have similar errors. In a wider mass region around 30 GeV the double exponential parametrization of the background shows a contribution to the excess event yield of less than 10%. The TKDE models also have a quite low contribution in a wider range around the excess in ALEPH data.
Evaluation of the look elsewhere effect
It is mandatory to give an evaluation of a look elsewhere effect for every observed excess [31] [32] [33] . Since there is no signal model available for the presented excess, one can at least obtain a look elsewhere effect by floating the fit parameters, namely the mean value of the excess and its width. We float the mean value in the range from 15 to 50 GeV.
For all models adding the look elsewhere effect in the way described above reduces the obtained significance by 1.4 to 1.6 σ . As an example adding the look elsewhere effect to the significance obtained using as background model the single exponential parametrization shown in blue in Fig. 13 reduces the calculated significance from Z asym = 4.0 σ to Z freq, lee = 2.6 σ . The significance Z freq, lee is obtained using a frequentist-based calculation based on Toy Monte Carlo simulation, namely the FrequentistCalculator class of the RooStats package [18] [19] [20] . The double exponential para- 
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Fig. 14: Evaluation of the contribution to the amount of measured signal events due to a specific choice of a background model using the ATLAS "spurious signal" method [34] [35] [36] . For one graph the errors obtained by a MI-NOS error analysis are given [37] . The other models have similar errors. metrization shown in red in Fig. 13 , suffers slightly less by adding the look elsewhere effect. The significance drops from Z asym = 3.6 σ to Z freq, lee = 2.4 σ . Models, which by construction represent the background much more accurate in a large mass range around the excess by means of a kernel density approximation, e.g. the TKDE parametrization used in Fig. 12 , have a change in the obtained significance when including the look elsewhere effect from Z asym = 4.9 σ to Z freq, lee = 2.9 σ .
Crosschecks and further studies of the excess
We have checked that events in the signal region are spread over the whole data taking period from 1992 to 1995. The events are not from specific time slots in a run nor are they are connected to a special detector region. We have looked at many displays of events from the signal region by means of the ALEPH offline event display DALI [38] . We saw reasonably good reconstructed jets from hadronic Z 0 decays together with identified muons. Example event displays can be found in Appendix Appendix B.
J/ψ reconstruction
The opposite di-muon and di-electron mass spectra show the typical signatures of J/ψ decays to these final states ( Fig. 15a  and 15b ). Both mass peaks are at the expected mean values of about 3.097 GeV [16] and the width of the fitted Gaussian shows the expected width of about 20 MeV compatible with the ALEPH mass resolution in this region (see Sec. 2.1). The reconstructed J/ψ mass from di-electron tracks (Fig. 15b) shows the typical tail on the left side of the peak due to Bremsstrahlung, so that the reconstructed mean is slightly shifted to a lower value.
Lepton isolation
We used modern jet-algorithms, notably the generalized antik t algorithm for e + e − collisions [39] to reconstruct jets from ALEPH energy flow objects [13] excluding all leptons from the input objects. We found that in all cases one of the two muons from di-muons is closer than 15 • to one of the leading jets in the appropriate event hemisphere (Fig. 16a) .
Generally, the higher the reconstructed opposite sign dimuon mass is, the more difficult it is to reconstruct and define the leading jets for both hemispheres. It turned out that, in case of a reconstructed high di-muon mass, at least one of the leading jets in one hemisphere tends to be broadened. This can also be seen in the example event displays shown in Appendix Appendix B. For events where a leading jet could be defined in both hemispheres Fig. 16a shows the minimum angle for a muon-leading jet combination as a function of the opposite sign di-muon invariant mass. In Fig. 16b the angle of the other muon-leading jet combination is plotted. It is seen that this angle is typically in the range of 5 to 20 • .
In Fig. 16b it is also visible that for masses smaller than 30 GeV there is a marginal tendency that the muon-jet pairs are closer. Although the available event statistics is low, the event displays of di-muon events from the signal mass region around 30 GeV show the closeness of both muons to hadronic jet structures (see Appendix Appendix B).
Electrons or muons from semi-leptonic b-decays will be contained inside the hadronic jets in almost all cases. As described before, we made several checks for events in the signal region around 30 GeV to find out how close the two se- lected muons with an invariant mass of about 30 GeV are to the hadronic jets. We find that each of the two muons which form the excess around 30 GeV are also close to one of the leading jets. However, if the structure around 30 GeV were due to semi-leptonic b-decays, then it should also be seen in the opposite sign electron-muon mass spectrum, which is definitely not the case. We use this mass spectrum as background model as described earlier in Sec. 3.4.
Relative transverse momenta of muons with respect to the closest jet
The relative transverse momentum distribution p T,rel of the closest muon-jet pair in comparison to the prediction of the full ALEPH Monte-Carlo simulation is shown in Figs. 17a  and 17c . The comparison for the remaining other muon-jet combination is shown in Figs. 17b and 17d . Taking into account the small fraction of signal like events in the sample, we do not expect and do not find any large deviation of the data from the simulation.
Figs. 17e and 17f show the relative momentum distribution p T,rel of the closest muon-jet pair versus the opposite sign di-muon mass spectrum in ALEPH data and in full simulation. No striking difference is visible in those distributions as well.
4.4 Expected number of reconstructed muons fulfilling the event hypothesis: Z 0 → bb µ + µ − Assuming the "signal" like final state: Z 0 → bb µ + µ − as described in Sec.1, we can expect with a probability of about 20% to have at least three muons per selected event. Each bquark can decay semi-leptonically into a muon with a probability of about 10% [16] . Taking into account the ALEPH detector muon identification efficiency of 86% (see Sec. 2.1), we should expect on average about 17% of our selected events to contain at least three muons.
In hadronic Z 0 → bb + X decays, there are many possibilities resulting in three or more final state muons, e.g. a Z 0 → bb decay where only one b-quark decays semi-leptonically into a muon and in addition production of a J/ψ during hadronization, which then decays into two additional muons, thus giving three final state muons. For a Z 0 → bb where both b-quarks decay semi-leptonically into one muon each, we expect the average number of at least two muons with opposite charge to be close to 100%.
The percentage of reconstructed muons versus the opposite di-muon mass spectrum is shown for ALEPH data in Fig. 19a and for the ALEPH full simulation in Fig. 19b . We do find that about 90% of the events contain exactly two muons in the final state both in data and simulation. Near the mass region of the excess around 30 GeV, about 8% of the real data events contain at least three muons in the final state, while simulation predicts that we should find three or muons in our selection in 5 to 8% of the cases. This discrepancy between data and simulation could also be explained by statistical fluctuations (see Figs. 19c and 19d) .
The fractions obtained from the ALEPH data, i.e. that in 90% of the selected events we find exactly two muons and in 8% three or more, suggest that we mostly have final states from semi-leptonic b-decays in our selection. Fig. 21 : The data/MC data description of the opposite sign di-muon mass spectrum (left) and the same sign di-muon mass spectra obtained from ALEPH data compared to the ALEPH MC data (right). Contributions from different hadronic Z 0 decays are identified by different colors. 4.5 Opposite sign di-muon mass spectrum: MC description of the data Fig. 20a shows the opposite sign di-muon mass spectrum obtained from ALEPH data compared with the MC description. Contributions from different hadronic Z 0 decays are identified by different colors. For opposite sign di-muon masses m > 25 GeV, only semi-leptonic decays of bb final states contribute according to the MC simulation. The overall description of the data by the MC data is good. In addition to the J/ψ peak around 3 GeV, which is well described by the MC, the excess around 30 GeV is clearly visible.
Study if the excess is visible in the same sign di-muon mass spectrum
We do not observe any excess in the same sign (SS) di-muon mass spectrum, which is shown in Fig. 20b . The amount of same sign di-muon candidates is comparable with the opposite sign di-muon candidates, e.g. see Fig. 20a . We obtain a similar result using the Monte-Carlo event generator SHERPA 2.2.0 [40, 41] (see Appendix Appendix A).
Angular distributions
The decay angle cos θ * for muons (µ − ) in the di-muon rest frame with respect to the boost axis is shown in Fig. 22 as a function of the opposite sign di-muon mass m µ + µ − . For low di-muon masses m µ + µ − < 20 GeV no preferred direction of the µ − is visible. For higher masses, around m µ + µ − 30 GeV, the forward/backward direction is preferred.
Figs. 23a and 23b show the decay angle cos θ * for side band events and for events in a mass window ±2 σ around 30 GeV. The di-muon side band mass region is defined as 15 < m µ + µ − < 50 [GeV] excluding a mass window ±2 σ around 30 GeV (see Tab. 8a). The preference for the forward/backward direction mentioned above, which is a kinematic effect due to the closeness of the muons forming the di-muon resonance to the jets (see Sec. 4.2), is described by the ALEPH MC simulation. We obtain compatible results with the Monte-Carlo event generator SHERPA 2.2.0 (see Appendix Appendix A).
Study if the excess is associated with bb final states only
The observed excess is indeed associated with bb final states. If we invert the bb final state identification described in Sec. 3.2, i.e. we require P H, mass,max < 2, no excess is visible anymore (Fig. 24) . A slight excess is visible in di-electron final states using the same selection criteria as in the di-muon case (Sec. 3). Fig. 25 shows a MLE fit of a signal + background model to the unbinned di-electron mass spectrum. The background model described in Sec. 3.4 is utilized again. To take into account the different signal shape due to Bremsstrahlung of the electrons forming the di-electron resonance, a convolution of a Gaussian with a Crystal Ball distribution [42] is used. We expect a shift of the obtained mean mass value due to Bremsstrahlung also (see Sec. 4.1). Again as described in Sec. 3.5 the width of the Gaussian used is constrained by a penalty function, due to the correlation of the Gaussian width with that of the Crystal Ball function.
The obtained probability of equality for the KS test is 96% for the mass range 20 to 40 GeV. The χ 2 -fit to a binned version of the di-electron mass spectrum (Figs. 25a and 25b ) results in χ 2 /ndof = 0.39. Again, to avoid bins with zero entries the fit range for this test is restricted to [15, 36] GeV.
Tab. 26a and 26b summarize the result of the fit as well as the signal significance. As expected the obtained mass value of 29.18 GeV is slightly lower compared to the dimuon final state (Tab. 8a). The detector mass resolution for di-electrons of about 0.70 GeV is reasonable. The natural width of the excess is masked by its large error.
Check if the two excesses in the di-muon and di-electron mass spectrum are compatible
The mean and natural width of the excess observed in the di-muon and di-electron invariant mass spectra are indeed statistically compatible . Fig 28a and 28b show the result obtained from a simultaneous extended maximum likelihood fit of the corresponding signal + background models to the unbinned opposite sign di-muon and di-electron mass spectrum. For both spectra, the background model described in Sec. 3.4 is used. For the di-muon mass spectrum a BreitWigner distribution convoluted with a Gaussian is used again (Sec. 3.5). A convolution of a Crystal Ball distribution with a Gaussian is used for the di-electron mass spectrum due to the effects of Bremsstrahlung as outlined in Sec. 4.9. For the simultaneous fit the RooFit package of ROOT is again utilized [18] [19] [20] . The common parameters in the fit are:
1. The mean mass value, 2. The natural width of the resonance, i.e. the width of the Breit-Wigner and Crystal Ball functions.
Free parameters are:
1. The width of the two Gaussians, which reflect the different reconstruction performance of the ALEPH detector for electrons and muons, 2. The parameters of the Crystal-Ball function, namely alpha and n.
As described earlier in Sec. 3.5 and 4.9 the widths of the two Gaussians are again constrained by a penalty function. Since the mean mass of the di-electron mass spectrum is shifted to Fig. 26 : The result of the χ 2 -fit of the signal + background model to the binned version of the opposite sign di-electron spectrum (left) and the corresponding distribution of pulls (right). χ 2 /ndof = 0.39. To avoid bins with zero entries the fit range for this test is restricted to [15, 36] Fig. 29 : Parameter values of the simultaneous extended maximum likelihood fit to the opposite sign di-muon (Tab. 28c) and di-electron (Tab. 28d) mass spectrum obtained from ALEPH data. The obtained result is compatible with the single fits to the opposite sign di-muon and di-electron mass spectra (Tab. 9 and 27). The expected mass shift of the obtained mean for di-electron final states is clearly visible.
lower values due to Bremsstrahlung (Sec. 4.1 and 4.9), the mean value of the fitted di-electron excess is allowed to have a (constant) shift to a lower mass. In Tabs. 28c and 28d the obtained fit parameters are listed.
To compute a combined significance of the excess around 30 GeV in the opposite di-muon and di-electron mass spectra a signal strength needs to be defined. The signal strength depends on the production and decay of a specific final state, i.e. on a specific theoretical model predicting and describing the observations. Thus the signal strength depends on the assumptions made in a specific model. At present we did not find a model which can be applied to our observation, therefore no combined significance is given. Besides the common excess around 30 GeV , Fig 28a and 28b show very few coincidences of common up-or downward fluctuations in the mass spectra. Hence the calculation of a look elsewhere effect calculated for the combined significance using those distributions will probably be small.
Summary
The re-analysis of events recorded at the Z 0 resonance by the ALEPH experiment during 1992 to 1995 shows an excess in the opposite sign di-muon invariant mass spectrum for Z 0 → bb + X events. A smaller excess is also visible in the opposite sign di-electron invariant mass spectrum. We did not find any excess in the opposite sign electron-muon invariant mass spectrum nor in any same sign di-muon or di-electron mass spectrum.
The obtained mass from a MLE fit to the unbinned data of the excess is 30.40 ± 0.46 GeV. Its natural width is 1.78 ± 1.14 GeV.
The di-muon excess has a significance of at least 2.6 σ (Z Bi ) using the calculations presented.
The significances for background models based on a kernel density approximation stay close to 3 σ (Z freq, lee ) when including a look elsewhere effect. As discussed in Sec. 4.10 a combined significance for di-muons and di-electrons can be calculated if the source of the excess is understood.
Several experiments have data samples that include the di-lepton mass region discussed here. The excess described in this paper may be present in data of other experiments at LEP, the Tevatron and the LHC.
Appendix A: SHERPA generator study of opposite and same sign di-muon pairs
The Monte-Carlo event generator SHERPA 2.2.0 [40, 41] was used to generate 1 Million e + e − → Z 0 →events. The generated events had to pass the following selection criteria:
1. # b-jets >= 2, 2. p T, muon > 2.5 GeV 3. cos θ muon < 0.7
The momentum and angular selection criteria for the muons are designed to mimic the muon particle identification (see Sec. 3.1) and the detector acceptance.
Figs. 30a and 30b show the mass spectra for opposite sign and same sign di-muon pairs. Always, the di-muon pair with the highest mass in the event is chosen. No excess is visible in both figures. The amount of di-muon pairs in the mass range from 10 to 30 GeV is similar (see Secs. 4.5 and 4.6)
The decay angle cos θ * for muons (µ − ) in the di-muon rest frame with respect to the boost axis for identified Z 0 → bb+X decays is shown in Fig. 30 (see Sec. 4.7). 
